1. Introduction {#s0005}
===============

Pneumonia, bronchiolitis and other lower respiratory tract infections (LRTI) continue to be a major cause of morbidity and mortality worldwide disproportionately affecting adults ≥ 70 years and children \< 5 years old. The Global Burden of Disease (GBD) project estimates that nearly 2 million of the 2.74 million LRTI-associated deaths were in these vulnerable age groups and that 10% were attributable to influenza [@b0005]. There has been a recent increase in studies of the etiology of LRTI mostly attributable to the high sensitivity and relatively low cost of polymerase chain reaction (PCR)-based laboratory assays.

The link between severe influenza disease in adults and LRTI has been recognized for at least a century. The impact of seasonal influenza in the United States has been measured by a composite measure related to LRTI, pneumonia and influenza (P&I) mortality. P&I mortality is estimated indirectly from vital records databases, and can be used to approximate the impact of influenza without laboratory confirmation due to the sharply seasonal nature of influenza virus infections in temperate countries. Similar methods are inconsistently applied to populations with a known number of at risk individuals, however, limiting the ability to calculate incidence of LRTI in the general population.

In children, recognition of severe outcomes following influenza virus infection has been comparatively recent. At first, this recognition relied on non-specific outcomes such as wintertime increases in acute respiratory disease hospitalizations [@b0010], [@b0015], [@b0020], [@b0025]. Due to the non-specific presentation of LRTI in children, laboratory confirmation is essential for proper quantification of risk when other viruses, such as respiratory syncytial virus (RSV) or human metapneumovirus (HMPV), circulate at the same time as influenza.

The reliance of previous research on non-specific outcomes has resulted in uncertainty about the relative contribution of specific viruses to the overall burden. This issue can manifest as the distinction between primary viral and secondary bacterial infections or by infection with multiple viruses, among other concerns. Thus, to validly determine the risk of LRTI following influenza virus infection, ideally large, prospective studies with active surveillance, laboratory confirmation of infection, and long-term follow up are required. In addition, these studies must be longitudinal to capture illnesses in a series of years since incidence of influenza often varies markedly, especially in the tropics [@b0030]. With these requirements as background, we conducted a landscape review incorporating a systematic literature search meeting the above criteria to estimate of risk of LRTI following influenza virus infection; recognizing that this estimate will represent a lower bound of the true burden. Since the systematic review identified very few articles which met these rigorous criteria we also present a narrative review with recommendations on alternative study designs to determine the potential impacts of influenza vaccine to reduce the global burden of LRTI.

2. Methods {#s0010}
==========

2.1. Data sources and searches {#s0015}
------------------------------

We conducted a systematic review to determine the availability and quality of literature addressing the following question: What is the risk of lower respiratory tract infections or pneumonia following seasonal or pandemic influenza virus infection compared to those without influenza virus infection? (see [Fig. 1](#f0005){ref-type="fig"}). In September 2016 we searched PubMed, Medline (Ovid), and EMBASE databases using the search terms indicated in [Table 1](#t0005){ref-type="table"}. We attempted to capture a range of clinical presentations considered LRTI including pneumonia, acute lower respiratory illness and bronchiolitis. Search results were restricted to English abstracts only and primary literature; all study designs were included in the original search. Both articles and articles in press were included in EMBASE search parameters. Records were compiled using Endnote software and duplicates records were identified and removed. Abstracts were reviewed by a member of the study team (EM) and excluded if meeting the following exclusion criteria: (1) Not relevant to study question or not primary literature; (2) Not population-based (case report or case series); (3) Not comparative (i.e. not encompassing both influenza negative and positive; and LRTI and non-LRTI). Identified studies that met these criteria were further evaluated to determine if they met the inclusion criteria.Fig. 1Results of the systematic review.Table 1Search terms by database.DatabaseInfluenza termsLaboratory confirmationLRTI terms[a](#tblfn1){ref-type="table-fn"}PubmedInfluenza, human[b](#tblfn2){ref-type="table-fn"}AND"Laboratory" OR "polymerase chain reaction"AND-"Lower respiratory"-Bronchopneumonia[\*](#tblfn3){ref-type="table-fn"}-Pneumonia, bacterial[\*](#tblfn3){ref-type="table-fn"}-Pneumonia, viral[\*](#tblfn3){ref-type="table-fn"}-Idiopathic interstitial pneumonias[\*](#tblfn3){ref-type="table-fn"}Medline (OVID)Influenza, human.sh[\*](#tblfn3){ref-type="table-fn"}Laboratory OR polymerase chain reaction-"Lower respiratory"-Bronchopneumonia[\*](#tblfn3){ref-type="table-fn"}-Pneumonia, bacterial[\*](#tblfn3){ref-type="table-fn"}-Pneumonia, viral[\*](#tblfn3){ref-type="table-fn"}-Idiopathic interstitial pneumonias[\*](#tblfn3){ref-type="table-fn"}EMBASE'Influenza'/exp[\*](#tblfn3){ref-type="table-fn"}'Polymerase chain reaction'/exp[\*](#tblfn3){ref-type="table-fn"}'Pneumonia'/exp[\*](#tblfn3){ref-type="table-fn"}[^1][^2][^3]

2.2. Narrative review {#s0020}
---------------------

To supplement the systematic review, we also identified relevant review articles and meta-analyses and searched the lists of included studies for relevant primary literature references. Studies identified by the narrative review are summarized below but are excluded from the quality assessment and are reported separately from the systematic review results as they are were not identified using the pre-defined search criteria.

2.3. Study selection {#s0025}
--------------------

We included studies that prospectively evaluated the incidence of laboratory confirmed influenza virus infection and that followed participants with evidence of infection for development of LRTI. Studies were excluded if they tested for influenza after LRTI had already developed and been identified or if the study only included persons with laboratory-evidence of influenza. Additionally we excluded studies if they collected appropriate data but did not report an incidence estimate for development of LRTI following influenza virus infection. Finally ecologic, review, and animal studies were excluded.

2.4. Data extraction and quality assessment {#s0030}
-------------------------------------------

A data collection form was created to record the study design and incidence estimates. Full text of studies that passed the initial screening were read and information on the population, intervention, comparison, outcome and study design were recorded. Additionally details of the study population were recorded such as the size, age groups, other defining characteristics, and whether the study involved pandemic or seasonal influenza. Papers meeting the criteria for inclusion were evaluated for quality using the Newcastle-Ottawa score [@b0035].

3. Results {#s0035}
==========

3.1. Systematic and narrative review results {#s0040}
--------------------------------------------

Our search terms identified 832 records. After excluding duplicates, 455 unique titles and abstracts were screened ([Fig. 1](#f0005){ref-type="fig"}). Screening identified 49 primary studies to be evaluated further and 11 relevant reviews ([Table 2](#t0010){ref-type="table"}) that were hand searched for additional references. Among these 49 studies, four were ecologic in nature, two were excluded because they were either review articles or meta-analyses, and one study was excluded because it was an animal study ([Fig. 1](#f0005){ref-type="fig"}). In addition, according to the reported methods, seven of the identified studies collected data that could have been used to answer the PICOS question, but did not provide an appropriate estimate. After these exclusions, 39 studies remained to be evaluated on the basis of the PICOS criteria. Sixteen of the remaining studies enrolled patients already receiving medical care for laboratory confirmed influenza virus infection, and thus had no comparison group of uninfected individuals. Seven of these 16 studies excluded for not including a comparison group focused only on children (\<18 years old) [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070] and ten of the 16 were limited to examinations of influenza A(H1N1)pdm09 conducted during the 2009 pandemic [@b0040], [@b0050], [@b0055], [@b0060], [@b0065], [@b0075], [@b0080]. Finally, 17 studies were excluded because they enrolled only participants with LRTI, and were therefore unable to estimate the incidence of developing the outcome. After these exclusions, two studies remained that met all of the PICOS criteria.Table 2Relevant reviews.NumberReference1.Anonymous, *COMMISSION ON RESPIRATORY DISEASES. The transmission of primary atypical pneumonia to human volunteers; laboratory studies.* Bulletin of the Johns Hopkins Hospital, 1946. **79**: p. 153--672.Campigotto, A. and S. Mubareka, *Influenza-associated bacterial pneumonia; managing and controlling infection on two fronts.* Expert Review of Antiinfective Therapy, 2015. **13**(1): p. 55--683.Chertow, D.S. and M.J. Memoli, *Bacterial coinfection in influenza: A grand rounds review.* JAMA - Journal of the American Medical Association, 2013. **309**(3): p. 275--2824.Crotty, M.P., et al., *Impact of antibacterials on subsequent resistance and clinical outcomes in adult patients with viral pneumonia: An opportunity for stewardship.* Critical Care, 2015. **19**(1)5.Dawood, F.S., et al., *Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A H1N1 virus circulation: a modelling study.* Lancet Infect Dis, 2012. **12**(9): p. 687--956.Hendrickson, C.M. and M.A. Matthay, *Viral pathogens and acute lung injury: Investigations inspired by the SARS epidemic and the 2009 H1N1 influenza pandemic.* Seminars in Respiratory and Critical Care Medicine, 2013. **34**(4): p. 475--4867.Lafond, K.E., et al., *Global Role and Burden of Influenza in Pediatric Respiratory Hospitalizations, 1982*--*2012: A Systematic Analysis.* PLoS Medicine/Public Library of Science, 2016. **13**(3): p. e10019778.Marcos, M.A. and A. Torrres, *Viral community-acquired pneumonia.* Clinical Pulmonary Medicine, 2011. **18**(2): p. 60--649.Nair, H., et al., *Global burden of respiratory infections due to seasonal influenza in young children: a systematic review and meta-analysis.* Lancet, 2011. **378**(9807): p. 1917--3010.Ortiz, J.R., et al., *Influenza pneumonia surveillance among hospitalized adults may underestimate the burden of severe influenza disease.* PLoS One, 2014. **9**(11): p. e11390311.Ott, S.R., et al., *\[The impact of viruses in lower respiratory tract infections of the adult. Part III: therapy and prevention\].* Pneumologie, 2010. **64**(2): p. 115--2312.Pavia, A.T., *What is the role of respiratory viruses in community-acquired pneumonia?: What is the best therapy for influenza and other viral causes of community-acquired pneumonia?* Infectious Disease Clinics of North America, 2013. **27**(1): p. 157--75

We further conducted a narrative review, examined the reference lists from 11 published reviews ([Fig. 1](#f0005){ref-type="fig"}) and identified four papers that prospectively enrolled individuals with laboratory confirmed influenza or at risk of influenza, conducted active surveillance for acute respiratory illness, performed laboratory confirmation of influenza virus infection status, and followed patients for development of LRTI following influenza virus infection. Of these 4 studies, one large prospective study did not provide LRTI incidence estimates for influenza negative cases [@b0085] and another only performed influenza testing for the LRTI cases [@b0090]. Importantly, the study by Brooks and colleagues relied on virus isolation and two-thirds of the influenza-associated pneumonia cases were enrolled with pneumonia and thus were not followed from the start of their illness [@b0085]. Additionally, Budge and colleagues reported on the RESPIRA-PERU study [@b0095] which included prospective enrollment of households with children in the Andean highlands. Influenza virus infection was determined by RT-PCR and illnesses classified as either ARI or LRTI, but did not report virus specific incidence of LRTI [@b0095]. After excluding these studies one additional study was added to the two identified from the systematic review for final set of three studies meeting all the PICOS criteria ([Fig. 1](#f0005){ref-type="fig"}). We present the major themes identified in the course of this narrative review and end with a summary of the three studies that were able to produce estimates of the risk of developing LRTI following an influenza virus infection.

3.2. *Clinical outcomes of* influenza virus infection {#s0045}
-----------------------------------------------------

The first major theme that emerged from our landscape review was that there has been substantial work to understand the clinical outcomes of influenza virus infection. We identified several studies that enrolled patients after they were hospitalized or sought medical care for an influenza associated respiratory illness. Many of these studies were conducted during the pandemic of 2009 and examined the outcomes of influenza A/H1N1pdm09 infection. Five were in special or sub populations (such as those with a specific chronic condition and most were small (\<100 individuals). Only one study attempted to estimate the rates of hospitalization with PCR confirmed influenza A/H1N1pdm09 infection overall and stratified by pre-existing conditions. In England during the second wave of the pandemic (September 2009) infants had the highest hospitalizations rate, 28 per 100,000 population. Studies including only patients who have sought medical care, or who have been hospitalized, for laboratory confirmed influenza virus infection are efficient for determining the progression of infection particularly in subgroups of the population. For population level estimates of the burden of LRTI attributable to influenza virus infection, however, a different study design is required.

3.3. Studies of the etiology of pneumonia {#s0050}
-----------------------------------------

A second major theme identified by our landscape review was the recent efforts to determine the viral etiology of patients with pneumonia. We identified a number of large case-control studies that have been conducted in recent years, both in the US and in LMIC, among both adults and children to determine the viral pathogens associated with clinical pneumonia. While these studies do not seek to answer our specific PICOS question, they represent an important step forward in determining the causes of severe lower respiratory illnesses. Here we will discuss three of the largest studies to date.

The Pneumonia Etiology Research for Child Health (PERCH) and GABRIEL [@b0100] studies are both case-control studies in children less than 5 years old seeking to determine the etiology of and risk factors for severe and very severe pneumonia in LMICs [@b0105]. Complete results from the PERCH study have not yet been published, but preliminary findings and methodological considerations are available [@b0110]. Cases were children 1--59 months of age who were hospitalized with severe or very severe pneumonia. Community based controls were children aged 1--59 months living in the catchment area and were frequency matched by age group [@b0105]. In reports of preliminary findings, influenza was detected in 9--10% of tested specimens [@b0115] and the odds of influenza detection differed by case or control status. In the GABRIEL study influenza A was also significantly more likely to be detected in the cases than the controls. The cross-sectional nature of these studies means that influenza virus infections could have occurred prior to participant enrollment in the study. If these individuals were infected with influenza virus but were no longer shedding virus at the time of presentation with LRTI, they would be misclassified. Additionally, the PERCH study enrolled subjects with respiratory illness as controls (∼33% of controls). These individuals may be misclassified based on the severity of their illness or may yet develop LRTI. The investigators conclude that excluding children with respiratory symptoms from the control group would have negatively impacted generalizability. Both of these forms of misclassification would lead to underestimates of the true risk of LRTI following influenza virus infection, thus the estimates from the PERCH and GABRIEL studies likely represent the lower bound of the true causal effect of a given pathogen.

The Etiology of Pneumonia in the Community (EPIC) enrolled patients hospitalized with radiographically confirmed community acquired pneumonia (CAP) in three U.S. children's hospitals and five U.S. adult medical centers to estimate the burden of CAP among children and adults in the United States. 2222 children and 2063 adults provided specimens for pathogen identification [@b0120], [@b0125]. A convenience sample of asymptomatic controls was also enrolled starting in the second year, but a comparison by case or control status was not the primary objective of these studies. This study used hospital discharge codes, market share, and US census data adjustments to estimate the incidence rate of pathogen specific hospitalization for CAP. Overall the highest incidence of influenza-associated pneumonia hospitalizations in children was found in those \< 2 years old (3.7 per 10000 child-years). Children with asthma were more likely to have a pathogen detected than children without asthma. Among adults the highest incidence rate of influenza associated pneumonia hospitalization was found among those ≥ 80 years old. Importantly, over 60% of pneumonia hospitalizations in the adult study were not associated with a pathogen, compared to only 20% in the study including children. The median time from onset to specimen collection was shorter in the study in children than it was in the adult study.

3.4. *Incidence of LRTI following* influenza virus infection {#s0055}
------------------------------------------------------------

Finally, our landscape review identified three prospective studies that estimated the risk of LRTI following an influenza virus infection in children; no prospective, longitudinal studies matched the search criteria in older children or adults. Study design and incidence rate estimates are presented in [Table 3](#t0015){ref-type="table"}. The earliest study, by Neuzil et al. followed 1665 children under 5 years of age for an average of 1.8 years per child (total person-time under observation of 3041 person-years) enrolled in the Vanderbilt Vaccine Clinic between 1974 and 1999 [@b9000]. Influenza was detected during 289 (4%) medical visits associated with fever or respiratory tract illness. There was substantial variation in influenza attack rates; from 1 per 100 medical visits/year in 1978--1979 to 19 per 100 visits/year in 1994--1995. Overall, the rate of influenza associated LRTI was 8 per 1000 child-years (95% CI 5-12) ([Table 3](#t0015){ref-type="table"}). This study included a large population of children followed over multiple years; however, the study only included medically attended ARI and more importantly, did not report incidence of LRTI in influenza negative patients to allow calculation of the attributable burden of influenza.Table 3Summary of large, prospective studies with sufficient follow up and laboratory confirmation of influenza outcomes.StudyPopulationStudy designSurveillance methodDates of surveillanceInfluenza detectionOutcomeIncidence rate of LRTI per 1000 person yearsNOSNeuzil et al. [@b9000]Children less than 5 years; Nashville TN, USA (n = 1665)Prospective cohort studyPassive, children \< 5 years old seeking care at clinic for acute respiratory illnessAugust 1, 1974- July 31 1999Virus culture, HAIClinical diagnosis of lower respiratory tract disease8 (5--12)7McMorrow et al. [@b9050]Children less than 5 years; Kenya (n = 8493)Prospective household and clinic-based surveillance networkActive, bi-weekly or weekly home visits2009--2012RT-PCRAcute respiratory infection with a subjective or measured temperature of ≥ 38 °C and cough with onset in the last 10 days requiring hospitalization plus physician diagnosed lower respiratory tract infection17 (14--20)8Broor et al. [@b0140]Infants followed until 3 yrs old; Nepal (n = 281)Prospective cohort studyActive, weekly home visitsOctober 1, 2001 -- December 31 2004DFAWHO ICMI classification for acute lower respiratory disease13 (0--69)7

A second study, by McMorrow et al., observed 9652 person years of follow up among children less than 5 years old as part of a population based surveillance network from 2008 to 2012 [@b9050]. The source population for this study was individuals living in Kibera or Lwak, Kenya; two areas that were part of an influenza surveillance network. Active surveillance was conducted for influenza-like illness (ILI) or acute lower respiratory infections (ALRI) on a biweekly basis initially, increasing to weekly surveillance following the emergence of influenza A/H1N1pdm09 in 2009. Influenza testing by RT-PCR was performed on 3128 ILI and 2516 ALRI; the rate of influenza-associated LRTI was 17 per 1000 child-years (95% CI 14-20 per 1000 child-years). The case definition [@b0130] for ALRI for children 0--4 years old was based on a modified World Health Organization (WHO) severe pneumonia definition [@b0135], but often the youngest children presented with less specific syndromes; thus influenza-associated LRTI in this study may be underestimated for the youngest children. Additionally severely ill children were excluded, therefore if influenza is associated with more severe disease in this setting the incidence of influenza-associated LRTI would be underestimated.

One community based study identified by the narrative review did produce an incidence estimate. Broor et al. conducted active weekly surveillance for ARI and LRTI in children in India from October 2001 through March 2005 [@b0140]. They enrolled 281 infants and followed them for, on average, 20 months. Influenza virus infections were identified by direct fluorescent antibody (DFA). The overall incidence of LRTI reported in this study was 13 per 1000 child-years ([Table 3](#t0015){ref-type="table"}), but given the relatively small sample size this estimate was imprecise (95% CI 0-69). In addition, the laboratory methods used in this study are not as sensitive as molecular methods and may, therefore, also result in an underestimate of the incidence of influenza associated LRTI.

4. Discussion {#s0060}
=============

Pneumonia and other LRTI remain a major source of morbidity and mortality on a global scale and influenza virus infection is recognized as the potential trigger of a sequence of events, infectious and otherwise, that can lead to development of these potentially severe illnesses. While the systematic review identified only three studies meeting the search criteria, the landscape review identified several research topics that have received substantial focus recently regarding influenza and LRTI. Nevertheless, a substantial gap remains in our knowledge of incidence of LRTI following influenza virus infection. Specifically, we identified a number of studies that have described the clinical outcomes associated with influenza virus infection, and others that have described the etiology of pneumonia. Nevertheless, prospective studies with long term follow up capable of estimating the incidence of LRTI following influenza virus infection are extremely rare. Thus, burden estimates for severe influenza-associated illnesses remain uncertain. In many countries the primary goal of the vaccination program is prevention of mortality, additional data are needed to effectively make the case for influenza vaccine programs in these countries [@b0145], [@b0150].

The large studies of the viral etiology of pneumonia conducted in recent years [@b0120], [@b0125], [@b0155], [@b0160] represent a major leap forward in our knowledge of what causes lower respiratory tract disease. In these studies influenza has been consistently detected in a substantial proportion of pneumonia cases, but estimates of incidence based on these data are often lower than expected. While these and other, similar studies are able to quantify the proportion of hospitalized pneumonia cases that influenza virus infections detectable by RT-PCR at the time of admission, because of their cross-sectional nature, they seek to answer a fundamentally different question than that which we ask here. Given the duration that influenza virus is detectable by PCR the relative contribution of influenza to pneumonia may be underestimated using an approach that enrolls patients after their illness has become serious enough to require hospitalization. Another persistent question for any study of pneumonia, is the manner in which pneumonia is diagnosed clinically. Using chest radiograph as opposed to clinical impressions can result in drastically different estimates depending on the study population and setting. In addition, the knowledge we have gained from these studies has led to additional questions that can be answered only with prospective studies with long term follow up. The increased sensitivity of molecular diagnostics, for example, raises questions about the interaction of various etiologic agents in producing severe disease, including both bacterial and viral pathogens. Determining the dynamics of multiple pathogen infections will require intensive follow up, including repeated specimen collection and complex systems analytical approaches. Without intensive follow-up, quantifying the burden of severe disease attributable to each specific pathogen will continue to be problematic, and will be especially difficult in tropical areas where there may be less pathogen specific seasonality.

Validly estimating the incidence of LRTI following influenza virus infection will also require studies with a very specific methodology. For example, due the relatively short duration of viral shedding following influenza virus infection, particularly in adult populations, active surveillance will be necessary to avoid misclassification of infection status. The hypothetical study must also be large; as approximately 10% of the general adult population and a larger percent of children will experience an influenza virus infection in any given season \[refs.\]. A subset of those who are infected will go on to develop LRTI and a further subset will seek medical care for that LRTI. It is this final subset that serves as the study population for the recent studies of viral etiology described in this review. Finally, the ideal study must be long enough to capture illnesses over multiple influenza seasons, we would recommend no less than three, since incidence of influenza will vary markedly. In tropical settings, there will also be an additional consideration of different seasonality of influenza, with varying periods of influenza circulation, in many cases lasting much longer than in temperate areas. Unfortunately, financial and logistical challenges make a study meeting all of these criteria likely unfeasible.

An alternative to the ideal study described above may be a vaccine probe study, which has been used to understand the public health value of a vaccination program beyond prevention of medically attended illness by estimating the vaccine preventable disease incidence (VPDI) and the attributable fraction [@b0175]. Prevention of pneumonia by a pathogen specific vaccination program provides strong evidence for the etiologic role of that pathogen in pneumonia. Vaccine probe studies have been designed based on this principle to quantify to the potential reduction in severe outcomes, including those that are not detected at the point of care [@b0180]. The VPDI of influenza or the attributable fraction of influenza in clinical pneumonia could be estimated with a probe study [@b0185]. Overall vaccine effectiveness (VE) is an important consideration for studies of this type [@b0185], and the effect of influenza vaccines against severe influenza disease is not well understood [@b0190]. Newly developed vaccines with higher effectiveness in young children also make this approach feasible. Vaccine probe studies can also be used to examine the interaction of pathogens, for example the reduction in pneumococcal pneumonia due to influenza vaccination [@b0195]. The etiologic role of multiple viral pathogen infections can also be examined with a vaccine probe approach, but it will be important to specify which interactions are of interest a priori and select appropriate study populations and analytic methods to examine these effects. Additional considerations for studies of attributable fraction will include the variability of influenza vaccine by season and setting, meaning that study of VE will need to be conducted simultaneously to provide valid VE estimates [@b0195]. Importantly, ethical considerations due to, for example, the universal recommendation of influenza vaccine for age-eligible persons in the United States means that randomized probe studies will not be possible in certain settings. Despite these considerations that are necessary in the design of a vaccine probe study, they remain a particularly attractive option for future research to reduce the uncertainty around estimates of the burden of influenza-associated LRTI, especially given their direct relevance to implementation of vaccine use in prevention programs.
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